apy courses has been reported to correlate with the response to treatment, as well as with the recurrence rate and overall survival [1] [2] [3] . Can similar relationships be found for breast cancer patients? Would a PET/CT scan between courses of neoadjuvant chemotherapy affect the course of treatment? The answer is still not firmly established but is widely researched due to its significance, particularly for patients with metastatic breast cancer. Figure 1 shows the PET/CT scan of a patient with breast cancer in the left breast, who also had metastases in axillary lymph nodes and left iliac bone. How can the response to treatment be monitored among such patients?
In recent years there have been a considerable number of publications regarding this subject. They were gathered in three meta-analyses concerning PET and PET/CT as methods that allow the response to neoadjuvant chemotherapy to be monitored [4] [5] [6] . Table 1 shows the results of the three meta-analyses. Whereas both PET and PET/CT have a high sensitivity, their insufficient average specificity (approximately 70%) renders it impossible to make them a standard method to monitor response to neoadjuvant chemotherapy. Nonetheless, specificity in separate original research papers varies considerably; for instance, among the publications gathered in the meta-analysis of Cheng et al. the specificity varied from 30% to 96%. It is primarily a result of heterogeneous inclusion criteria to each study, particularly as far as histologic tumour subtypes and tumour receptor expression are concerned [4] .
Furthermore, the separate publications are also different in terms of the applied protocol of PET/CT examination. According to the meta-analysis of Wang et al., the most appropriate time point to conduct PET/CT is after the first or second course of chemotherapy because then it has the greatest impact on treatment [6] . The comparison of sensitivity and specificity after one and two chemotherapy courses showed no significant difference between the two -sensitivity and specificity were equal to 74% and 86%, respectively, after the first course and 77% and 84%, respectively, after the second course of chemotherapy [5] .
Another challenging issue is the choice of an appropriate SUV max cut-off value, which would indicate response to treatment. It is difficult not only due to the heterogeneity of breast cancer tumours, but also because of the unstandardised histopathological criteria. A change of cut-off value of SUV max between -55% and -65% after the second course of chemotherapy has been suggested [5] . Then, a decrease in 18 F-FDG uptake by the breast tumour lower than 55% would allow early identification of tumours non-sensitive to chemotherapy, which usually do not respond to further courses of such treatment [5] . The study of Kolesnikov-Gauthier et al. reported an SUV max decline of less than 15% after the first course of chemotherapy to be strongly correlated with lack of response to treatment [7] .
Receptor expression and monitoring response to treatment
Sensitivity and specificity of PET and PET/CT in monitoring response to treatment depends on the receptor expression: those for oestrogen (ER), progesterone (PgR), and human epidermal growth factor 2 (HER2). It has been suggested that PET is of particular utility for HER2-tumours [8, 9] . The study of Koolen et al. confirms that the decline in 18 F-FDG uptake is correlated with response to neoadjuvant chemotherapy for HER2-tumours (including triple negative and ER+ breast cancer), but not for HER2+ tumours [8] . Moreover, monitoring the pace of glycolysis in PET/CT for ER+ HER2-breast cancer patients allows to distinguish tumours sensitive and resistant to chemotherapy with an 89% sensitivity [9] . For a group of patients with similar tumours, Zucchini et al. achieved a 100% sensitivity, but only a 38% specificity [10] . What is more, for triple negative breast cancer it was possible not only to identify the tumours resistant to chemotherapy, but also to estimate the disease-free survival (DFS), by measuring the SUV max change after chemotherapy [11] . These differences, dependent on tumour receptor expression, show the reasons for the above described discrepancies between the obtained specificities in different studies that monitor response to chemotherapy with PET or PET/CT.
There have also been a number of studies that assess the potential role of PET/CT in monitoring response to anti-hormonal treatment. Among such patients, the decline in 18 F-FDG uptake has been found to correlate with progression-free survival (PFS) [12] . For treatment with aromatase inhibitors there was a correlation between the change in SUV max and the proliferation of the tumour after therapy [13] .
What is more, PET/CT allows us to assess the heterogeneity of the response to treatment within both the primary tumour and metastases. Among 48% of patients with dominating bone metastases a varying response to treatment was reported in the study by Huyge et al. [14] . Those patients had a significantly lower time to progression (TTP).
As already described in the first part of this publication, PET has a high specificity in the detection of lymph node metastases. Thus, PET/CT is an effective method in the assessment of response to therapy of lymph node metastases among stage II and III patients. According to a meta-analysis by Wang et al., it has a sensitivity of 92% but varying specificity [6] . Statistically significant differences between responders and non-responders to chemotherapy were visible after the first course of treatment.
Detection of disease progression and recurrence
PET/CT is widely applied in monitoring breast cancer progression and recurrence. The sensitivity of PET/CT in recurrence detection is higher than that of CT and the CA 15-3 marker [15] . According to the study by Murakami et al., PET/ CT had a 96% sensitivity and 91% specificity, and thus high negative and high positive predictive values (92% and 95%, respectively). These values were significantly higher than for PET alone (80%, 82%, 83%, and 78%, respectively) [16] . In other studies, the sensitivity of PET/CT was 93-97%, and its specificity was 92-100% [15, 17] . Furthermore, it was also shown that a PET/CT scan conducted to assess breast cancer recurrence results in a change of treatment among 20-48% of patients [15, 17] . A more accurate localisation of the tumour and an increased resolution in imaging the axillary tail of Spence, skin, and thoracic walls can be achieved by scanning breasts and axillae in a prone position [18] . Nonetheless, it was not proven that such an examination improves the accuracy of N assessment in the TNM system [18] .
In the case of a suspected recurrence due to the elevation of CEA and/or CA 15-3, PET/CT has a higher sensitivity (95% vs. 33%) and accuracy (94% vs. 48%) than conventional imaging. In the examined group, PET/CT resulted in a change of treatment protocol among 54% of patients. However, it has been stressed by the authors that PET/CT scan is indicated only in the case of a constantly increasing concentration of the marker [19] .
New methods

Positron emission mammography
PET scanners dedicated to the imaging of breasts have been developed to improve the detection of small breast tumours. This technique has been named positron emission mammography (PEM). Thanks to its enhanced spatial resolution, PEM has a higher sensitivity in detection of lesions smaller than 2 cm in diameter [20] . Nevertheless, it does not allow scanning of the whole body during a single examination. There are different types of PEM: O scanner (examination in a supine position) and C scanner (examination in a prone position) [20] .
Dual-time point imaging
Dual-time point imaging (usually 60 and 90-360 minutes after the administration of a radioactive tracer), connected with calculating the difference between the two SUV max measurements, allows to distinguish between benign and malignant lesions, both in primary diagnosis and in cases of suspicion of breast cancer recurrence [21, 22] . Furthermore, this method also increases the sensitivity for tumours with a low diameter, tumours in breasts with a high density, and in discerning invasive and non-invasive breast cancer [21] . As a rule, malignant tumours tend to have an increasing uptake of tracer, whereas both healthy tissues and benign lesions present a decline in 18 F-FDG uptake within a tested time frame [21] . Such an examination is not sensitive enough to become a primary diagnostic method for all breast cancer patients; however, it gives a significant increase in sensitivity when detecting small breast tumours [21] . Dual-time point imaging does not enhance the assessment of lymph nodes' involvement: it has no effect on diagnostic accuracy and can increase the percentage of false positive results [23] .
Positron emission tomography/magnetic resonance
Magnetic resonance (MR) is a method that is applied in breast tumour imaging. Therefore, a fusion of PET and MR images might be extremely useful in the management of oncology patients. There are an increasing number of PET/ MR scanners throughout the world. The fusion of PET with MR in primary breast cancer detection has resulted in an increase in positive predictive value from 77% for MRI to 98%, and specificity from 53% to 97% [24] . PET/MR also facilitates the choice of lesions that should be subjected to biopsy.
Studies that monitored response to treatment yielded similar results, where the PET image reflected the tumour metabolism, and the MR showed the lesion's vasculature. The study of Partridge et al. showed that certain parameters in both techniques are correlated with each other, such as signal enhancement ratio in the MR imaging with the 18 F-FDG tissue uptake in the PET scan [25] . For the MR examination of breasts special coils are used, which are within the field-of-view of PET. They cause the scattering and attenuation of the photons produced in the reaction of annihilation, thus affecting the PET image. To improve such images, three-dimensional attenuation maps have been suggested [26] . Despite the advantages of MR and PET, PET/MR mammography has a similar sensitivity and specificity to MR mammography [27] .
New radiopharmaceuticals
Due to the abovementioned limitations of F-fluoro-17β-estradiol (FES). PET/CT with FES allows the assessment of ER expression, while being non-invasive and reproducible. This has a profound clinical impact because the ER expression may change after the onset of the disease and during treatment. Moreover, it can differ between the primary tumour and the metastases. In certain centres FES PET/CT is used when biopsy is not possible or when it has yielded ambiguous results [28] . The study of van Krutchen et al. showed that 45% of patients had both ER+ and ER-metastases, and the FES PET/CT scan resulted in a change of treatment among 48% of them [28] . The assessment of ER expression using FES is only difficult in liver metastases due to the high physiological estradiol uptake by this organ [28] . Oestrogen analogues (such as tamoxifen) may inhibit FES uptake. This is why such medications have to be suspended for a longer period of time before the FES PET/CT examination. Premenopausal estradiol levels seem to have no influence on FES uptake, whereas the levels of sex hormone-binding globulin (SHBG) seem to exert a certain influence on the cellular uptake of FES [29] .
Another tracer that has entered clinical practice is an analogue of thymidine, [ 18 F] 3'-deoxy-3'-fluorothymidine (FLT). Its uptake is correlated with the activity of thymidine kinase, and thus the proliferative activity of cells, which can be useful, e.g. in monitoring response to docetaxel treatment [30] .
In conclusion, PET and PET/CT allow us to examine breast cancer patients thoroughly in one scan -both in terms of anatomy and cellular metabolism. They have been shown to influence the management in all stages of the disease, both among patients with primary breast cancer and in suspected recurrences. Moreover, they are tools that make it possible to detect early response to treatment, and thus help in choosing the most effective therapy. The fusion of PET and MR imaging and the development of new radiotracers present even wider perspectives for PET imaging in oncology. It seems likely that in the near future, in spite of relatively high costs, a variety of PET-based techniques will become part of routine clinical practice.
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